Purpose: Imatinib, an inhibitor of the Bcr-Abl tyrosine kinase, is indicated for the treatment of patients with Philadelphia chromosome-positive chronic myeloid leukemia. We examined genotypes from patients enrolled in the International Randomized Study of IFN-␣ versus STI571 in an attempt to identify factors that associate with cytogenetic response.
Introduction
Imatinib (Gleevec/Glivec, formerly STI571) is a selective, protein tyrosine kinase inhibitor of the BCR-ABL fusion protein. The BCR-ABL fusion protein, which results from a reciprocal translocation between (9,22)(q34;q11) , is also known as the Philadelphia chromosome (Ph) . Approximately 90% of chronic myelogenous leukemia cases are Phϩ (1) (2) (3) (4) . Chronic myeloid leukemia (CML) is a clonal myeloproliferative disorder with a well-defined clinical course of three phases of disease: chronic phase consisting of a median stabilization of 5-6 years, followed by accelerated phase with a median duration of 6 -9 months, and blast phase with a median survival of 3-6 months. The only known cure for CML is stem cell transplantation (5) . Alternatives to bone marrow transplantation include imatinib treatment, which has been approved for first-line therapy of chronic phase CML. The goal of this treatment option includes complete hematological remission and cytogenetic response.
Data from a Phase III randomized study comparing imatinib with IFN-␣ plus cytarabine [International Randomized Study of Interferon-␣ versus STI571 (IRIS); Ref. 6] demonstrated that in the first-line treatment of newly diagnosed CML patients, at 18 months after the last patient was recruited, 87.1% (95% confidence interval, 84.1-90.0) of patients treated with imatinib achieved major cytogenetic response (McyR). In contrast, for the IFN ϩ 1-␤-D-arabinofuranosylcytosine (Ara-C) treatment arm, 34.7% of patients achieved MCyR.
Polymorphisms in genes related to the leukemic process, drug target, absorption, distribution, metabolism, drug response, and excretion of imatinib may affect an individual's response to imatinib with regard to efficacy. The primary aim of this exploratory pharmacogenetic analysis was to identify genetic markers of cytogenetic response. Genotyping was performed for all 187 imatinib and IFN ϩ Ara-C-treated patients from the United States (US) who consented to the pharmacogenetic protocol for 68 single nucleotide polymorphisms in 26 genes. The 26 candidate genes were chosen because of their involvement in absorption, distribution, metabolism, excretion, DNA repair, etiology of the disease, drug response, or drug mechanism of action.
Prediction score systems generated from microarray expression data have been reported that have the ability to differentiate between patients who responded to imatinib treatment and those who did not respond (7, 8) . Furthermore, polymorphisms in the BCR-ABL kinase domain have been identified in patients who experience a relapse of disease after initial response on imatinib (9) . These discoveries, along with the identification of the rs2290573 polymorphism as a genetic marker of response reported here, could aid in elucidating which patients have the highest probability of achieving MCyRs to treatment with imatinib.
Materials and Methods
Patient Population. The IRIS study was composed of 1106 patients from 16 countries who were equally randomized to either imatinib or IFN ϩ Ara-C treatment. A total of 428 patients were enrolled in the US. A total of 187 of these 428 patients consented to the pharmacogenetics protocol, which was approved by an institutional review board at each participating site, and were subsequently genotyped. One hundred and thirteen of these 187 patients were randomized to imatinib treatment, and 74 were randomized to IFN ϩ Ara-C treatment.
To determine whether the subset of patients who were used for the pharmacogenetic studies were representative of the entire multinational trial population, we examined race, sex, and age in three populations. The first population was composed of the subset of imatinib-and IFN-treated patients from the IRIS trial that were genotyped, the second population was composed of patients enrolled in the clinical trial from the US, and the third population was composed of the entire clinical trial population. Analyses of continuous variables were performed by nonparametric ANOVAs, and all other demographics were analyzed by Fisher's exact tests.
Genotyping. Genotyping was performed for all 187 imatinib-and IFN-treated patients from the US who consented to the pharmacogenetics protocol for 68 single nucleotide polymorphisms in 26 genes (Table 1) . Genotyping was performed on 20 ml of peripheral whole blood obtained on the first day of study before study drug administration. The DNA was extracted using the PUREGENE DNA Isolation Kit (D-50K; Gentra, Minneapolis, MN) according to the manufacturer's recommendations. Genotyping was performed on 60 ng of genomic DNA using the Invader assay (Third Wave Technologies Inc., Madison, WI) according to the manufacturer's recommendations (10) .
Tests for Hardy-Weinberg equilibrium (HWE) by Fisher's exact tests were performed to verify quality control and to test the study population for deviations in the genotype distribution. HWE was analyzed in the subset of genotyped individuals and in a subset of controls. The Human Variation Collection (HD100CAU, HD100AA) from the Coriell Institute for Medical Research (Camden, NJ) was used for the control samples.
Genotype/Phenotype Correlations. Correlations between genotype and MCyR were examined with Fisher's exact tests. Patients with complete or partial (Յ35% Phϩ cells) cytogenetic response were classified as major cytogenetic responders, whereas those with minor (Ͼ35-65% Phϩ cells), minimal (Ͼ65-95% Phϩ cells), or no response (Ͼ95-100% Phϩ cells) were classified as nonresponders. MCyR was considered as confirmed when two consecutive bone marrow assessments at least 4 weeks apart showed Յ35% Phϩ cells.
Considering the most conservative approach, only confirmed responses were accounted for in this exploratory pharmacogenetic analysis. Therefore, the MCyR rate reported here is lower than those figures published previously from the IRIS study (6) .
To most accurately assess response, patients who crossedover or discontinued from the study without assessment of cytogenetic response were excluded from genotype/phenotype correlations. Of 113 imatinib-treated patients who were genotyped, 3 crossed over to the IFN treatment group, whereas 14 discontinued from the study. Therefore, 96 imatinib-treated patients were included in the analysis of first-line treatment. A significant number of IFN-treated patients in this subset crossed over to the imatinib arm (n ϭ 23). Additionally, 31 IFN-treated patients discontinued from the trial and were not included in the analysis. Therefore, 20 of 74 IFN-treated patients were included in the analysis of first-line treatment. To correct for multiple testing, a Bonferroni correction factor was applied. All statistics were carried out in the statistical program SAS Version 8.2 (Cary, NC).
Fisher's exact tests were performed to investigate whether there was a significant difference in genotype distribution for the racial categories defined by the clinical trial (Caucasian, African American, Oriental, and other). Hasford and Sokal prognostic scores have been used to predict survival among IFN-treated patients and may also be used to select patients for treatment (11, 12) . We investigated whether these prognostic scores were associated with MCyR in this genotyped subset. We also examined whether the prognostic scores were associated with the rs2290573 polymorphism in imatinib-treated patients. The Hasford and Sokal Score formulas are shown below (11, 12) : A large percentage of the patients in this trial had been treated with hydroxyurea before being treated with imatinib. This included 86.5% of the 96 imatinib-treated patients evaluated for first-line treatment in this pharmacogenetic analysis. Furthermore, 52.1% of these 96 patients received concurrent treatment with hydroxyurea during the first 6 months of treatment with imatinib. A Fisher's exact test between hydroxyurea usage (both previous and concurrent) and MCyR was performed to investigate any relationship between these two variables in this subset.
Logistic Regression. A logistic regression was performed in imatinib-treated patients for significant findings. Logistic regression was used to determine which variables are predictive of MCyR. Only those patients who had been genotyped and randomized to treatment with imatinib were included in this analysis. IFN-treated patients were not examined with a logistic regression model due to the lack of significance for all polymorphisms studied by Fisher's exact tests. MCyR was used as the dependent variable, and genotype, race, and Sokal score were used as classes in the model. Genotypes for the two polymorphisms that significantly associated with MCyR were incorporated into the multivariate analysis. These included the C-511T IL1B polymorphism, coded as CC and CT/TT, and the rs2290573 polymorphism, coded as CC and CT/TT. 3 Due to the low prevalence of individuals classified as African American, Oriental, and Other, we collapsed the racial groups into two categories, Caucasian and non-Caucasian. Patients with an unknown Sokal score (n ϭ 43) were not included in the model. Five additional patients were removed from the analysis because they discontinued treatment without assessment of MCyR. Of the 113 imatinib-treated patients genotyped, 65 were included in the model. All covariates (genotype, race, and Sokal score) were included in the full model. As a first assessment, the covariates were examined as independent main effects only. As a further analysis, the model was altered in such a way that it allowed up to two-way covariate interactions.
Time to Progression (TTP). We then investigated significant findings by TTP. The product-limit method (KaplanMeier) was used to estimate the survival function directly from the continuous survival and failure times. TTP was defined as the time from randomization to either death, increase in WBC count, loss of complete hematological response, loss of McyR, or progression to accelerated phase or blast crisis (6) . Only patients randomized to imatinib were included in the pharmacogenetic analysis of TTP. There were only 5 individuals of the 113 imatinib-treated patients who experienced an event of progression in the 12 months after patient recruitment. To increase statistical power, data from an additional 6 months of follow-up was used in the TTP analysis, with 11 events of progression in the genotyped population. The analysis was stratified by genotype for the rs2290573 polymorphism to determine whether individuals with a CC genotype have a significantly shorter TTP compared with individuals with CT/TT genotypes at this locus.
Results
Patient Population. We compared demographics including race, sex, and age between the subset of patients genotyped, the patients enrolled in the clinical trial from the US, and the entire clinical trial population. The genotyped population, which was collected at US centers only, was not statistically different from the trial population from the US with regard to sex, race, and age (data not shown). The genotyped population compared with the entire trial is similar for sex and age, but different with regard to race. The genotyped population has more blacks (11.76% compared with 4.7%), fewer Caucasians (80.21% compared with 89.87%), and more individuals in the Other category (5.88% versus 3.80%.) This discrepancy is not surprising, given the racial diversity of the US population.
Genotype/Phenotype Correlations. Analysis of 68 genetic polymorphisms in 26 genes identified a significant association between the rs2290573 polymorphism and MCyR in imatinib-treated patients (P ϭ 0.00037, Bonferroni corrected P ϭ 0.025; Table 2 ). The association was significant when the Fisher's exact test was repeated with an additional 6 months of follow-up data (P ϭ 0.001; data not shown). The rs2290573 polymorphism lies within the intronic region of putative gene DKFZP434C131, on 15q22.33, and represents a C/T base tran- sition. 4 The analysis demonstrated that imatinib-treated individuals with a CC genotype at this locus had a MCyR rate of 52%, whereas individuals with a CT or TT genotype had a MCyR rate of 89%, Fig. 1 (odds ratio, 6.72; 95% confidence interval, 1.51-29.91). The overall MCyR rate in this population is 80.2%. The rs2290573 polymorphism is in HWE in the population from the IRIS trial, which included both imatinib-and IFN-treated individuals. 5 The polymorphism was also in HWE in 92 Caucasian and 73 African-American controls. The allele frequency did not differ significantly between cases and controls when stratified by race.
An association between the rs2290573 polymorphism and MCyR was not observed in the small sample of IFN-treated individuals included in this analysis. Of the 20 IFN-treated patients analyzed, 8 achieved McyR, whereas 12 did not.
A preliminary analysis performed with 12 months of follow-up suggested a significant association between the C-511T IL1B polymorphism and MCyR in imatinib-treated patients (P ϭ 0.035, Table 3 ). However, this was not confirmed with an additional 6 months of follow-up (data not shown). Excluding the rs2290573 and C-511T IL1B polymorphisms, none of the other 66 polymorphisms examined were significantly associated with MCyR in either the imatinib-or IFN ϩ Ara-C-treated patients.
The distribution of CC:CT/TT individuals for the rs2290573 polymorphism is significantly different in imatinibtreated patients between Caucasians (10:67), African Americans (10:1), Orientals (2:1), and Others [1:4 (Table 4) ]. Due to the racial difference in genotype distribution for rs2290573, we analyzed the correlation between genotype and MCyR stratifying by race classified as Caucasian and non-Caucasian. There was a significant association between the rs2290573 polymorphism and MCyR in the Caucasian group treated with imatinib at 12 months of follow-up (P ϭ 0.01). In non-Caucasian patients treated with imatinib, a significant result was not observed between MCyR and the polymorphism. The trend in the Caucasian group that imatinib-treated individuals with a CC genotype have a greater chance of not responding than CT or TT individuals appears to be true in the non-Caucasian category also; however, the small sample size is not powered enough to detect significance (Table 4) .
We observed a significant association between Sokal score and MCyR (P Ͻ 0.01) (data not shown). Sokal score did not significantly associate with the rs2290573 polymorphism. However, using three categories of Sokal score (low, intermediate and high risk) 31% of individuals with a CC genotype for the rs2290573 polymorphism had a high risk Sokal score, while only 8.7% of individuals with CT and TT genotypes had a high risk Sokal score. Hasford score does not significantly associate with the rs2290573 polymorphism.
Results of analyses indicated that there was no significant association between MCyR and previous or concurrent hydroxyurea usage in the 96 imatinib-treated patients studied for pharmacogenetic analysis of first-line treatment (data not shown).
Logistic Regression. The logistic regression model enabled us to predict MCyR in relation to several prognostic variables including genotype, race, and Sokal score. The full model indicated that the rs2290573 polymorphism is significant in the model at the ␣ ϭ 0.05 level of significance. This result was confirmed in data from an additional 6 months of follow-up (data not shown). The other variables were not significant, and we therefore conclude that the genotype of an individual at this locus is a better predictor of MCyR in this population than race or Sokal score (Table 5) . Fig. 1 Association between rs2290573 polymorphism and major cytogenetic response. Individuals with a CC genotype for the rs2290573 polymorphism are 6.72 times more likely not to achieve major cytogenetic response when treated with imatinib compared with individuals with a CT or TT genotype (95% confidence interval, 1.51-29.91). The P-value associated with this graph is 0.00037 (Bonferroni corrected P ϭ 0.025). Time To Progression. Based on data collected up to 18 months after patient recruitment, 11 of the 113 imatinib-treated genotyped patients had disease progression. Six of 29 imatinibtreated patients (21%) with a CC genotype for the rs2290573 polymorphism experienced progression events. Five of 84 patients (6%) with a CT or TT genotype for the rs2290573 polymorphism experienced progression events (Table 6) . A significant difference was observed between genotype and TTP according to the log-rank (P ϭ 0.018) and Wilcoxon (P ϭ 0.023) statistical tests (Fig. 2) . This observation strengthens the association we reported between rs2290573 genotype and MCyR.
Discussion
Exploratory pharmacogenetic analysis was performed on a subset of patients from the IRIS trial to identify genetic markers of MCyR. We performed statistical tests to identify any correlation between polymorphisms in candidate genes and the presence or absence of MCyR in CML patients in chronic phase of disease treated with either imatinib or IFN ϩ Ara-C. We discovered a significant association between the rs2290573 polymorphism mapped to chromosomal region 15q22.33 and the response classification of MCyR in imatinib-treated patients (Fig. 3) . This association was also significant in data from an additional 6 months of follow-up. The genotype/phenotype association is remarkable because of the high McyR rate of CML patients in the IRIS trial. The 52% of responders with a CC genotype at the putative gene locus are a considerable contrast to the 87.1% of responders observed in the IRIS study (6) . Multivariate analysis revealed that the rs2290573 genetic polymorphism is more predictive of MCyR than known clinical variables such as Sokal score in this subset. Furthermore, the group of imatinib-treated individuals with a CC genotype at this locus has a significantly greater proportion of patients who experienced a progression event compared with the group of imatinib-treated individuals with a CT or TT genotype based on survival analysis. Notably, 9.7% of individuals in the genotyped subset experienced an event of disease progression, whereas 7.9% of individuals in the entire IRIS Study experience a progression event (6) . It is most likely that this does not represent a statistical difference and is simply due to the smaller sample size analyzed in this exploratory study.
A significant association between the rs2290573 polymorphism and MCyR was not observed in individuals treated with IFN. A number of IFN-treated patients crossed over to the imatinib arm (n ϭ 23) or discontinued the study (n ϭ 34) and were therefore not included in the assessment of first-line treatment. This could potentially bias our results; however we would not necessarily expect to see a similar result in IFN-treated patients because of the unique mechanism of action for each compound.
The association between rs2290573 and MCyR was a serendipitous discovery given the candidate gene approach. When the exploratory pharmacogenetics study was initiated, the genomic map at 15q22.33 was unstable. The polymorphism rs2290573 mapped near the CYP450 gene CYP1A1 (Fig. 3) . Although there is no indication that CYP1A1 is involved in the metabolism of imatinib, the rs2290573 polymorphism was included as part of a panel of CYP450 single nucleotide polymorphisms. During the course of this study, the genomic map of 15q22.33 was updated, and build 33 of the human genome sequencing project maps rs2290573 to a putative gene, DKFZP434C131. It can be inferred from electronic annotation that DKFZP434C131 has protein tyrosine kinase activity, an ATP binding domain, protein serine/threonine kinase activity, a protein amino acid phosphorylation domain, and transferase activity. DKFZP434C131 appears to be widely expressed in a large number of normal and malignant tissue cDNA libraries recorded in the UniGene database including melanotic melanoma and a lymphoma cell line. Currently, it is unknown whether the rs2290573 polymorphism affects the expression level of DKFZP434C131. However, rs2290573 is located in an intron of DKFZP434C131, and therefore it is unlikely that this polymorphism has a significant impact on expression levels. It is more likely that it represents a marker of nearby genetic variation that is functionally responsible for the decreased response rates observed in individuals of a CC genotype at this locus. It is possible that there is a functional variant that is in linkage disequilibrium with the polymorphism associated with MCyR and is relevant to the tyrosine kinase inhibition activity of imatinib.
The objective of this exploratory pharmacogenetic study was to identify genetic markers that could be used to predict MCyR. The association between genetic marker rs2290573 and MCyR in imatinib-treated patients was discovered in DNA samples extracted from patient whole blood. There is a potential that the polymorphic site rs2290573 is mutated in the leukemic process. Whether the observed variation associated with MCyR is inherited or arose as part of the leukemic process does not impact on the significance of using this polymorphism as a biomarker for response. However, it could potentially identify different classes of leukemia if it is the result of somatic mutation. To address this issue, we tested for HWE in the patient population and in controls. The Hardy-Weinberg law states that allele frequencies do not change from generation to generation in a large population with random mating. Deviation from HWE in the patient population studied might suggest a technical error or involvement of the genetic polymorphism in the etiology of the disease. Both patients and controls were in HWE. Furthermore, the allele frequencies between patients and controls for this polymorphism were not significantly different when accounting for race. Therefore, it is highly unlikely that the observed genetic variation between responders and nonresponders is the result of a somatic mutation. While blast cells and a . The rs2290573 polymorphism is currently mapped to a putative gene, DKFZP434C131, with a tyrosine kinase domain. The genomic contig NT_010374.9, which was used to create the map of the region on chromosome 15, includes multiple breaks so that it is impossible at this time to determine the exact location of the polymorphism on the chromosome. population of nonclonal cells from imatinib-treated patients are unavailable from this study, these cell types should be genotyped for rs2290573 in future studies to determine whether this locus is mutated in the leukemic process.
In conclusion, we have identified a significant association between a polymorphism in a putative gene with a tyrosine kinase domain and McyR in imatinib-treated CML patients. Future studies to (a) validate the association between the rs2290573 polymorphism and MCyR in a second population sufficiently powered to study the observed racial difference in genotype distribution, (b) determine whether the association is significant in individuals from different racial backgrounds, and (c) further characterize the putative gene DKFZP434C131 with regard to CML etiology and response to imatinib would be valuable steps for evaluating the clinical relevance of this finding.
